INTRODUCTION
CURRENT ideas on fish farming have stimulated interest in fish genetics and highlighted the need for more genetic analysis, particularly of fish of commercial importance. A major difficulty in breeding fish of commercial interest is the long generation time of 3 years or more. The work reported here is an investigation of the possibility of producing homozygous clones of fish rapidly by gynogenesis-a special form of artificial parthenogenesis in which activation of the eggs is achieved by fertilisation with genetically inert spermatozoa.
Gynogenesis was first observed in frogs by Hertwig (1911) , who showed that a low frequency of apparently normal embryos appeared when eggs were fertilised by spermatozoa which had received radium gamma ray doses much higher than levels normally required to produce 100 per cent, abnormality. It was concluded that, at these very high doses, the genetic material of the spermatozoa was so thoroughly destroyed that it played no part in the subsequent parthenogenetic development of the egg. This "Hertwig effect" has been confirmed several times in amphibia (reviewed by Beatty, 1964) , and, as in other forms of parthenogenesis in vertebrates, the resulting parthenogenomes are usually haploid, and although developing normally at first are grossly abnormal at hatching. However, sporadic occurrences of more normal hatchlings have been observed following parthenogenesis by pricking and these have been shown to be diploid (Parmenter, 1933; Kawamura, 1939) . Several mechanisms have been proposed to explain the process of diploidisation (see Tyler, 1941; Beatty, 1964) , but the experimental evidence in amphibia seems to favour diploidisation by doubling of the haploid female genome during cleavage. Thus Parmenter (1933) and Kawamura (1939) observed delayed cleavage in parthenogenetic eggs which subsequently produced diploid organisms, and Subtelny (1958) produced diploid individuals following transplantation of haploid nuclei into enucleated eggs, i.e. diploidisation in the absence of polar bodies. Increased frequencies of both haploid and diploid gynogenomes have been reported by Rostand (1934 Rostand ( , 1936 following post-fertilisation cold treatments of amphibian eggs; gynogenesis was produced by irradiated spermatozoa and also by fertilisation of eggs with foreign spermatozoa 432 C. E. PURDOM kofeva- Bel'govskaya, 1961) has shown that radiation-induced gynogenesis also occurs in fish. Low frequencies of diploid individuals were obtained from eggs of carp, sturgeon and bach fertilised by spermatozoa given X-ray doses in excess of 100 000 roentgen. It was also found that cold shocks applied shortly after fertilisation greatly increased this frequency. The present paper describes studies on the production of gynogenetic offspring in some marine fish and in trout, with special reference to the viability of diploid gynogenomes and the mode of dipboidisation.
MATERIALS AND METHODS
Experiments were performed at Lowestoft with plaice (Pleuronectes platessa L.) and flounder (Platichthysflesus L.) caught in the North Sea, and at a Berkshire trout farm with brown trout (Salmo trutta L.).
The original numbering of experiments is retained in the results section, and abortive or inconclusive experiments are omitted. The gynogenesis experiments are prefixed with the letter G and the androgenesis experiments with the letter A.
For gynogenesis experiments, milt was stripped from ripe male fish and some was exposed to cobalt-60 gamma irradiation with doses of between 1 0 and 1 0 rad, the rest being used as the control. Dose rates were approximately 7 x l0 rad/hour in experiments up to G8 and 2 x l0 rad/hour thereafter and in all androgenesis experiments. The irradiated and the control milts were both kept at 00 C. during the time from stripping to fertilisation. Artificial fertilisation was carried out by mixing milt with eggs stripped into a small amount of water at 8° C. for plaice, 11° C. for flounder and 100 C. for trout. In the plaice and flounder experiments cold shocks were applied to a sample of the fertilised eggs by dividing the eggs into two groups, one of which was topped up with water at the temperatures stated above, the other with water at -1.70 C. to produce final temperatures of between 00 C. and 10 C. These cold shocks were applied 20 minutes after fertilisation and maintained for 3 hours in a 0° C. enclosure, after which the egg containers were allowed to regain their former temperatures. Cold shocks were not used in the experiments with trout, since facilities were not available.
For androgenesis experiments in plaice and flounder, the process was repeated, irradiating the eggs instead of the milt. In these experiments, several hours elapsed between the stripping of the eggs and fertilisation, but in preliminary trials it was found that eggs remained viable when stored at 00 C. for periods of up to 24 hours.
Plaice and flounder eggs are buoyant while alive but sink when dead; dead eggs were therefore collected daily in these experiments and countedvolumetrically with the larger samples-and examined for stage of development at death. In the trout experiments, dead eggs were picked out by hand, and only a very approximate record of mortality rates was possible, because of the uncertain criteria of death. Live or moribund material was fixed in Bouin at various stages of the experiments for sectioning and staining with haematoxylin for cytological examination.
RESULTS
Artificial fertilisation is an uncertain process, particularly in marine fish, and several of the experiments performed during the 1967 and 1968 spawning GYNOGENESIS AND ANDROGENESIS IN IH 433 seasons were unsuccessful because either the eggs were under-or over-ripe, or the spermatozoa non-viable. In all the experiments in which the control fertilisation showed that the eggs and milt were ripe, radiation treatment of spermatozoa or eggs had no apparent effect on the process of fertilisation or on the early cleavage of the fertilised egg. Even after an extreme treatment of 67 000 rad, both to the eggs and the spermatozoa of plaice or flounder, early cleavage appeared normal. Similar autonomy of early cleavage stages is well known in amphibia.
(i) Gnogenesis Survival curves for plaice eggs fertilised with irradiated or control unirradiated spermatozoa are shown in figs. 1 and 2. Three radiation doses (I 0, 5 x 1 0 and l0 rad) were used, and in all cases, including the controls, a cold shock was applied to the fertilised eggs. All the curves show a typical early pattern of very little death during the first 2 or 3 days after fertilisation, followed in the next 2-3 days by heavy mortalities which appeared to occur at the time of gastrulation. The control groups also showed this early mortality but to a much lower degree than the eggs fertilised with irradiated 2E at 5x 10' rad, 15'9 per cent, of the eggs survived for 6 days but only 1 '6 per cent, to hatching; at 10 rad survival was 230 per cent, at 6 days and 9'5 per cent, at hatching. In experiment Gil survival levels after 105 rad were lower than in G6 at this rate, but still higher than the contemporaneous group at 1 0 rad. Similar results were observed in experiment G8, with trout (table 2). All the eggs fertilised with spermatozoa exposed to 10' rad were dead 4 weeks after fertilisation, compared with approximately 20 per cent. survival in the 105 rad group and 95 per cent, in the unirradiated controls. Very few further deaths occurred in the controls through hatching and up to the time the alevins began to feed, 10 weeks after fertilisation. In most of the surviving eggs of the 10 rad groups at 5 weeks the embryos were grossly abnormal and died at about the time of hatching, 6 weeks after fertilisation, but 35 nearnormal alevins were alive and feeding 10 weeks after fertilisation.
These results demonstrate conclusively the presence of a " Hertwig effect" in plaice and trout, i.e. a lowering of the harmful effects of radiation to spermatozoa with increasing dose, presumably arising from the gynogenetic development of the fertilised eggs at high doses. Embryos which survived to a late stage could be classified into two types corresponding very closely to the haploid and diploid syndromes described in parthenogenetic frogs. The haploid types (plate C and F) were grossly abnormal, showing in particular short thick bodies with poorly developed tails and usually with small underdeveloped eyes; these individuals rarely hatched and never began to feed.
Chromosome counts were not possible in sectioned preserved material, clue to the absence of appropriate cells in division. Measurement of nuclear size, however, confirmed the haploidy of the grossly abnormal gynogenomes and the diploidy of the near-normal ones. but in a grossly abnormal alevin the nuclear diameter was significantly lower than in the control (t = 688; P <0.001) or in the near-normal gynogenome (t = 725; P<000l). The ratio between the calculated volumes of nuclei of the haploid type and the diploid types was approximately 05, which agrees with the expectation that nuclear volume is proportional to ploidy-as observed in heteroploid amphibia (Fankhauser, 1945) . (iii) Cold shocks
The effect of a cold shock also shows parallelism with parthenogenesis in amphibia and radiation gynogenesis in the bach, Misgurnus fossilis. The results of experiment G 15, showing the survival of plaice eggs with and without a cold shock after fertilisation by control spermatozoa or spermatozoa exposed to l0 rad, are plotted in fig. 3 . In the control eggs early mortality was less severe in the cold-shocked group than in those not exposed to a cold shock, but this phenomenon was not observed ira two earlier experiments and cannot be explained. In the irradiated groups, the cold-shocked series showed a high survival rate not very much below that of the controls up to Days after fertilisation the time of hatching, whereas the non-cold-shocked eggs died rapidly through the time up to normal hatching. In addition, the embryos of the non-coldshocked series were almost all of the haploid type, but in the cold-shocked series most of the embryos were of the diploid type (table 4) . Haploid types were not observed amongst the controls, whether cold-shocked or not. The effect of a post-fertilisation cold shock in increasing the frequency of diploid radiation gynogenesis is therefore confirmed. That the haploids were much less viable than the diploids is apparent from fig. 3 and table 4. In plaice, haploid development was largely arrested at about 7 days after fertilisation and, although some embryos survived beyond the normal time of hatching of the controls, they mostly failed to hatch, or died during the first day after hatching. Fig. 4 compares the survival of control diploids (CC) and gynogenetic diploids (RC) obtained by subtracting the number of haploids from group RC of experiment GI 5. From the point where a distinction was drawn between haploids and diploids, 12 days after fertilisation, the mortality amongst the gynogenetic diploids was similar to that in the controls up to the time of hatching; after this, mortality in the gynogenetic diploids was much greater than amongst the controls. The diploid gynogenetic plaice also showed a high frequency of minor abnormalities, particularly slight body fiexions, when compared with the controls. These abnormalities closely resemble the effects observed in highly inbred aquarium fish. Plaice gynogenomes were reared to feeding stages in several experiments, but in only one were they reared to metamorphosis. In this experiment (G6) six metamorphosed gynogenomes were reared to an age of 11 weeks, but they then died, along with all the controls, possibly due to a ciliate infestation. Lengths of the metamorphosed gynogenomes and some of the controls are shown in table 5; on average, the gynogenomes were smaller than the controls, but the difference was only just significant on a one-tailed test (t = 1.836; P = 005). Gynogenetic trout also showed slightly bent or twisted bodies, absent among the controls (plate B), and when both groups were transferred from running water troughs in the trout hatchery to semi-static laboratory conditions, all the gynogenetic fish died, whilst all but a few of the more numerous, and much more densely crowded, controls survived this treatment. The nature of diploidisation in parthenogenetic systems and the effect of a cold shock in promoting the process are not fully understood, although in frogs duplication of a haploid chromosome set by mitosis seems well established. To investigate these processes further in fish, experiments were performed in which the cold shock was applied at 20 or 40 minutes after were either left at their normal temperature (CH), or cold-shocked, either from 20 minutes after fertilisation (Ccl), or from 40 minutes after fertilisation (CC2). A similar series (RH, RC1 and RC2) was run with eggs fertiused by spermatozoa exposed to I 0° rad gamma rays. At 4 hours 45 minutes after fertilisation, the CH and RH eggs were both in the 2-cell stage, first cleavage having been completed; at 6 hours 30 minutes after fertilisation, these eggs were in the 4-cell stage, whilst all the others were in the 2-cell stage. On completion of development, almost all the survivors in the control series and in RC 1 were of the normal diploid type (plate, D and E), whilst * Al! R series: spermatozoa irradiated with 10 rad. All C series: spermatozoa unirradiated. in RH and RC2 the embryos were predominantly haploid. A similar experiment was performed using flounder eggs (experiment G2 1), but with the exception that the eggs were examined every 15 minutes during the first 8 hours after fertilisation. Experiment G2 1 fully confirmed the results of GI 8; all the controls and most of the RC 1 eggs developed as diploids, whilst the RH and RC2 embryos were predominantly haploid. Table 6 summarises the timing of cleavage in the six groups. Delayed cleavage arose as a result of the cold shocks, but there was no difference between the irradiated and control eggs at each of the temperature regimes; more specifically, diploidisation in group RC 1 was not associated with delay other than that which could be attributed to the general effect of the cold shock as observed in CCI (diploid controls) and RC2 (haploid gynogenomes).
(vi) Androgenesis
Experiments were performed to explore the possibility of androgenesis in fish and to see whether or not diploid individuals could be produced as in diploid radiation gynogenesis. Following irradiation at doses from 1 0 to 10° rad, eggs cleaved normally when fertilised by unirradiated sperma-440 c. E. PURDOM tozoa. No "Hertwig effect" was observed when flounder eggs were irradiated over a range from 1 0 to 9 x 1 0 rad (experiment A5), but the great majority of eggs, even in the controls, were infertile, and this result was therefore not conclusive. In a further experiment (A6), flounder eggs exposed to 67 x l0 rad and fertilised by normal spermatozoa produced large numbers of late embryos which were all of the typical haploid type and indistinguishable from the haploid types produced by gynogenesis. It seems unlikely that the egg nuclear material could survive a radiation dose of 67 x l0 rad and it must therefore be concluded that these haploids were androgenetic. Cold shocks were applied to the fertilised eggs in experiment A6 but no diploid types were found in the irradiated series. Diploidisation by doubling of a haploid set of paternal chromosomes during first cleavage, similar to the phenomenon observed by Subtelny (1958) in frogs, was not observed in fish.
Discussro AND CONCLUSIONS
The results of experiments with plaice, flounder and trout show that embryonic development occurs in eggs fertilised by spermatozoa which were exposed to radiation doses ranging from 1 0 to I 0 rad, and that viability is highest following the higher radiation doses. This demonstrates the existence of a "Hertwig effect" in these fish and confirms the similar findings by Romashov et al. (1961) in bach, carp and sturgeon. Hertwig's conclusions (1911) that this paradoxical effect in amphibia arose through the complete de-activation of the genetic material of the spermatozoa at high radiation doses, followed by gynogenetic development of the fertilised egg, also seems valid for fish. Thus Romashov et al. (bc. cit.) were unable to detect any paternal effects in species crosses using irradiated spermatozoa, and similar observations were made in the present study with flounder/plaice " false hybrids" in which the irradiated series were more viable and more normal than the controls! Gynogenesis was also indicated by the preponderance of haploid type embryos and the sporadic appearance of more normal diploid types following high radiation doses to spermatozoa. Haploidy was demonstrated by chromosome counts in early blastomeres by Romashov et al. (bc. cit.) , but in the present study suitable cell division stages could not be found in preserved material. Nevertheless, the close parallelism between the appearances of the " haploid types" and the occasional " diploid types " with known haploid and diploid syndromes in frogs, as described by Miyada (1960) , together with the evidence of small nuclear size in " haploid type " trout gynogenomes, leaves little doubt that the grossly abnormal embryos were haploid. That the occasional diploid individuals arose by diploid gynogenesis and not through chance survival of irradiated spermatozoa is demonstrated by the greatly increased frequency of diploids following cold shocks to the fertilised eggs.
There are several possible mechanisms by which diploidy could be reestablished during parthenogenesis. Reviews by Tyler (1941) and Beatty (1964) list three basic categories for diploid F0 females: (1) retention of a first polar body, (2) retention of a second polar body, (3) regulation during cleavage mitoses. Each of these consequences would lead to a level of inbreeding greater than could normally be obtained by full-sib mating, and gynogenesis could therefore be useful as a means of accelerating the production of inbred fish. The degree of inbreeding would depend on the particular way in which diploidy arose. Thus retention of a first polar body would be equivalent to seif-fertilisation (the highest natural form of inbreeding), regulation during cleavage would produce fully homozygous individuals, and retention of a second polar body would be intermediate between these two, depending on the extent of crossing-over during the reduction division of meiosis. It is therefore of great importance to determine the way in which diploid gynogenomes arise. Parmenter (1933) concluded that diploidy in frog parthenogenesis could arise by more than one method, but that regulation during cleavage was the predominant mechanism, as indicated by delayed cleavage in most of the embryos destined to become viable diploids. This point was confirmed by Kawamura (1939) and proved beyond doubt by Subtelny's elegant demonstration (1958) of the production of diploid embryos from enucleated frog eggs by the introduction of haploid nuclei from androgenetic frog blastomeres. The lack of a specific cleavage delay in diploid gynogenesis in the present work and the absence of diploids amongst cold-shocked androgenetic embryos, however, suggests that regulation during cleavage does not explain diploid gynogenesis in fish.
The remaining possibilities of retention of a first or of a second polar body cannot be evaluated critically in the present experiments, although the first possibility seems very unlikely, because the first maturation division and extrusion of the first polar body occur long before the eggs are ripe and, to be able to re-establish diploidy by fusion with the egg pronucleus, the first polar body would itself need to undergo a prior mitotic division. In addition, the proximity of the daughter products of the second maturation division-even assuming that the first polar body divided-would make it much more likely that the egg pronucleus would fuse with its daughter product-the second polar body.
Diploid parthenogenesis has been recorded in turkeys (Olsen and Marsden, 1954; Olsen, 1960) , and since only male offspring were observed (Poole and Olsen, 1957) it was concluded that diploidy did not arise by retention of a first polar body, the female being the heterogametic sex (XO) in turkeys. Further studies (Olsen, 1966) demonstrated that females heterozygous for a plumage colour gene produced parthenogenomes of both types of homozygote and one heterozygous individual, which was presumed to have arisen through crossing-over followed by fusion of the egg pronucleus and the second polar body. Similar studies with carp (Golovinskaia, 1968) also revealed segregation for a pair of alleles (Ss) determining scale pattern, but an independent second pair of alleles (sn), also determining scale patterns, did not segregate. It was concluded that diploidisation arose through retention of a second polar body and that the X locus which failed to segregate showed 100 per cent. crossing-over with the centromere. Retention of a first polar body cannot be excluded by these carp data, however, since the same results could be interpreted on this basis by assuming no crossing-over between J'i and the centromere and a high level of crossingover between S and the centromere. Thus for any individual heterozygous for a gene A, with a cross-over frequency of , the genotypic frequencies after first polar body retention would be: (1 -oc) Aa; x AA; cc aa; and for retention of a second polar body, the frequencies would be: Aa; The viability of the gynogenetic plaice and trout in the present experiments was extremely low. Discounting the high mortality of haploids during embryonic growth, the mortality in diploids was most marked at or after hatching in plaice ( fig. 4 ) and a similar effect was observed in trout, where only 35 alevins survived up to feeding from about 100 diploid hatching eggs.
In addition, the surviving gynogenomes of both plaice and trout were not completely normal in appearance.
In almost all previous reports of artificial parthenogenesis or gynogenesis, the resultant individuals were also very inviable and were not completely normal compared with controls (Kawamura, 1939; Moriwaki, 1957; Subtelny, 1958; Golovinskaia, 1968) . In frogs, the low viability and high incidence of abnormalities in artificial parthenogenomes is consistent with their origin by duplication of a haploid genome, since this would produce complete homozygosity and the fullest possible manifestation of inbreeding depression. In fish, however, where diploidy is not restored during cleavage, segregation of chromosomes or crossing-over during meiosis I would reduce the degree of homozygosity.
For seif-fertilisation, the coefficient of inbreeding, F, of an offspring, X, from a parent, P, is: Fx = -(l +F) (Falconer, 1964, chapter 3) . As already noted, gynogenesis by retention of a first polar body product would be equivalent to self-fertilisation, and for first generation offspring (Fp = 0) the coefficient of inbreeding would be 05. For retention of a second polar body, Fp will be equivalent to the degree of identity of daughter chromatids after meiosis I, i.e. equal to 1 -, where is the overall cross-over frequency per chromosome. Thus for retention of a second polar body the coefficient of inbreeding for the first generation is: F1 = (2-ce). Few data exist on crossing-over in fish, but what few there are suggest that cross-over frequencies are low. Thus in Lebistes reticulatus the maximum observed frequency for colour pattern genes was 0l (Winge and Ditlevsen, 1947) , and in another cyprinodont fish, Xiphophorous maculatus, cross-over frequencies have been observed up to values of only 001 (Gordon, 1937; Kallman, 1965) . Fish chromosome complements are usually made up of numerous small chromosomes and this would be consistent with low cross-over frequencies. Such low values would produce a very high coefficient of inbreeding in parthenogenesis or gynogenesis arising by retention of the second polar body. Thus if the mean cross-over frequency per chromosome was 0l, the coefficient of inbreeding would be 095 and this is equivalent to about 14 generations of full sib-matings. In studies with Drosophila, Tantawy and Reeve (1956) observed little effect of inbreeding on survival and other characters up to theoretical F values of about 05, and marked reduction in survival occurred only after F = 08. The low levels of viability observed in gynogenetic plaice and trout in the present experiments, and in gynogenetic carp (Golovinskaia, 1968) , can be explained on the basis of diploidisation by retention of a second polar body, together with a low incidence of crossingover in the developing oocyte. Although attempts to rear gynogenetic fish failed in the present experiments, there appears to be no theoretical reason why this should not be accomplished with improved husbandry. Although normal development of inbred lines allows for slow natural selection of adapted genotypes, this should be compensated by the high fecundities of fish. Fish cultivation lags behind other forms of animal husbandry in many ways but probably more so in the field of breeding than in any other respect. Potential short cuts to genetic analysis are therefore desirable, to produce the rapid progress which is necessary if fish cultivation is to approach the level of success achieved with modern breeding methods in other animals.
In this respect, gynogenesis offers a rapid means of developing inbred material without the delay associated with normal systems of inbreeding.
SUMMARY

